A pre-eminent goal of synthesis is to produce targeted structural complexity and thus functional value with step and time economy in a green if not ideal fashion.^[@R1]--[@R3]^ Multicomponent reactions provide a powerful means to achieve this end as they allow for the multiply convergent assembly of complex targets from two or more simple, often commercially available, fragments. Multicomponent processes rely on relaying or regenerating reactivity such that the "product" of each step is a reactive "starting material" for a subsequent bond-forming step until a termination event occurs.^[@R4]--[@R10]^ While in many multicomponent processes a single type of reactive intermediate (e.g., cation, anion, radical, etc.) is regenerated with each step, the propagation of reactivity can also involve a change in reactive species or reagents. For example, in considering approaches to a new family of selective kinase inhibitors ([Figure 1](#F1){ref-type="fig"}, **II**), a subject of much current clinical interest,^[@R11]^ it occurred to us that access to designed, structurally simplified staurosporine-like 5-6-7 polycyclic targets incorporating the critical activity determining functionality of the natural product lead could be realized in one operation by using 1,2,3-butatriene (**V**) as a reactivity regenerating reagent ([Figure 1](#F1){ref-type="fig"}).^[@R12]--[@R15]^ According to this plan, butatriene would function as a two-carbon ene component in an initiating rhodium-catalyzed \[5+2\] cycloaddition with a vinylcyclopropane (VCP), during which it would be transformed into a reactive four-carbon diene **IV** for a subsequent Diels-Alder or related cycloaddition. While the importance of butatriene equivalents has been recognized, equivalency is achieved only through 2 or more reactions.^[@R16]--[@R19]^ We describe herein a highly effective, regioselective butatriene (cumulene) equivalent that allows for the realization of this single-flask multicomponent process.

Butatriene itself has found only limited use in synthesis partly due to difficulties with its preparation, safe handling, physical properties (gas at room temperature) and propensity to readily polymerize even at low temperatures (−40 °C).^[@R20]--[@R23]^ Its reactions with various reagents under a variety of reaction conditions often provide polymeric materials. These problems extend as well to many other low molecular weight cumulenes, restricting their synthetic utility. Control of chemoselectivity in the reactions of such trienes poses an additional problem in their synthetic use arising from the differing steric and electronic features of the component π-systems. 4-(Trimethylsilyl)but-2-yn-1-ol (TMSBO **2**, [Figure 2](#F2){ref-type="fig"}) represents a potential butatriene equivalent that could circumvent all of these problems. It is an easily handled and prepared^[@R24]--[@R29]^ liquid at room temperature and would be expected to engage an ynophilic partner exclusively at its 2,3-π bond. The resultant product would be poised for a relatively under-exploited vinylogous Peterson elimination,^[@R30]--[@R37]^ thereby producing *in situ* a reactive diene for a subsequent \[4+2\] cycloaddition (or other diene-initiated reaction). Overall, TMSBO would serve as an yne-to-diene transmissive reagent coupling two powerful and convergent cycloadditions -- the homologous Diels-Alder and the Diels-Alder cycloadditions -- through a vinylogous Peterson elimination, all effected in one synthetic operation ([Figure 2](#F2){ref-type="fig"}).

Results and Discussion {#S1}
======================

To test whether TMSBO **2** ([Figure 2](#F2){ref-type="fig"}) could function as a butatriene equivalent in a \[5+2\] cycloaddition, its reaction with commercially available VCP **1** in the presence of \[(naph)Rh(COD)\]SbF~6~^[@R38]^ (2 mol%) was initially investigated. The reaction proceeded smoothly at room temperature, producing after 6 hours a single product in high yield. Significantly, this product proved not to be the expected cycloadduct **VII** but rather the diene **3** resulting from both a \[5+2\] cycloaddition and vinylogous Peterson elimination. The expected \[5+2\] cycloadduct was not isolated or detected by TLC analysis during the reaction, suggesting that it undergoes facile elimination at a rate comparable to its rate of formation. An alternative mechanistic possibility in which TMSBO is first converted to butatriene is rendered unlikely as a control experiment indicates that TMSBO is unchanged after multiple days under the reaction conditions in the absence of VCP **1**. To further probe the mechanism of this transformation, the reaction of the methoxy derivative of TMSBO, TMSCH~2~C≡CCH~2~OMe (TMSBOMe), was explored. Interestingly, in this case, NMR studies suggest that not only does the cycloaddition reaction proceed less rapidly, but additionally, the rate of elimination to form the diene product is also slowed. The facility of the elimination with TMSBO and the contrasting behavior of TMSBOMe suggests a steric effect in the Lewis acid activation stage of the 1,4-elimination **VIII** or an unexplored cycloreversion of a zwitterion formed through bond formation between the oxygen and silicon atoms **IX** ([Figure 2](#F2){ref-type="fig"}). Mechanistic studies on these various pathways are in progress and will be reported in due course.

The above results establish that TMSBO is a superb substrate for \[5+2\] cycloadditions and serves as a highly effective butatriene equivalent. These findings set the stage for numerous alkyne-to-diene based reactions that would engage a third component, including Diels-Alder cycloadditions and metal-catalyzed variants, to produce polycyclic products. Given the alkynophilic nature of the \[5+2\] cycloadditions, we next sought to determine whether the initial \[5+2\]/elimination process could be conducted in the presence of an alkene Diels-Alder dienophile. This proved to be highly successful. As illustrated in [Table 1](#T1){ref-type="table"}, a variety of alkene dienophiles can be mixed with TMSBO **2** and VCP **1** in the presence of the Rh(I) catalyst to give directly the product of the \[5+2\] cycloaddition/elimination/\[4+2\] cycloaddition sequence. Maleate, fumarate and acrylate esters did not interfere with the catalyst, initial cycloaddition and subsequent elimination and could thus be added at the outset of the process although heating was required for completion of the final cycloaddition. In contrast, 4-phenyl-1,2,4-triazoline-3,5-dione did complex the catalyst, interfering with the initial cycloaddition. However, by delaying its addition until after the initial cycloaddition and elimination, the three-component, one-flask process can be achieved in good yield.

In addition to alkenes, alkynes -- abundantly available synthetic building blocks -- can be used as a third component in the process. For this purpose, addition of the second alkyne is delayed until after the initial \[5+2\] and elimination processes are complete. Significantly, both Diels-Alder \[4+2\] cycloadditions and transition metal-catalyzed formal \[4+2\] cycloadditions are possible. The former provide three component products in high yield (entries **5a--5g, 8, 10**). Alkynes that do not react through a conventional Diels-Alder cycloaddition because of a poor HOMO-LUMO gap can be induced to react through an alternative, multistep metal-catalyzed \[4+2\] cycloaddition. In this case, the catalyst used in the \[5+2\] cycloaddition is subsequently employed as a catalyst in the second \[4+2\] cycloaddition. For example, addition of VCP **1** and TMSBO to a solution of the catalyst followed by addition of 3-phenylpropyne gives the three component product **4f** in 90% yield. That the second cycloaddition is Rh(I) catalyzed is supported by a control experiment in which diene **3** and 3-phenylpropyne are allowed to react in the absence of catalyst. No product is formed even after 2 days. A wide range of electron-rich, electron poor, internal and terminal alkynes are accommodated in this sequence using either the thermal or metal-catalyzed \[4+2\] cycloaddition option ([Table 1](#T1){ref-type="table"}, entries **4a--4n**).

In connection with our original interest in kinase inhibitors, we have also found that one can readily produce the corresponding arenyl core ring through oxidation of the initially formed cyclohexadienyl products or alternatively by starting with a higher oxidation level dienophile and effecting a double elimination after the cascade ([Table 2](#T2){ref-type="table"}). Finally, while our initial focus was on the exploration of the viability of this one operation multicomponent process, we have also found that it can be extended to variations in both the starting VCP and the reactivity transmissive reagent ([Table 3](#T3){ref-type="table"}). Thus, the substituted VCP **9** readily enters into the sequence producing in one operation the polycycle **10**. Similarly, a methyl substituted butatriene equivalent **11** also reacts readily to form products **12a** and **12b**, providing yet a further site for diversification.

Alkynes and dienes are among the most common and useful building blocks in organic synthesis. In this study, we have shown how the versatile two-carbon π-reactivity of a suitably functionalized alkyne can be transformed through a metal-catalyzed \[5+2\] cycloaddition and vinylogous Peterson elimination into a cisoid diene capable of engaging a range of dienophiles in a conventional Diels-Alder or a metal-catalyzed \[4+2\] cycloaddition. Drawing on the benefit of 4 carbon-carbon bond forming events in one operation, the overall process translates three simple and readily available building blocks into complex, polycyclic, added-value products. Both activated and unactivated dienophiles can be used in the second cycloaddition allowing flexible access to highly diversified polycycles. In the case of unactivated alkynes, the catalyst used to effect the first (\[5+2\]) cycloaddition is also used to effect the second (\[4+2\]) cycloaddition and possibly figures in facilitation of the intervening Peterson elimination. For conventional dienophiles, the second cycloaddition taps into the tremendous breadth and versatility of the Diels-Alder reaction. More generally, the key dual purpose, dual-function reagent (TMSBO) and its congeners that enable these back-to-back complexity-increasing cycloadditions should prove useful in serially coupling other cycloadditions including, for example, serial \[4+2\]/\[4+2\] cycloadditions, \[3+2\]/\[4+2\] cycloadditions, \[2+2\]/\[4+4\] cycloadditions and others. Studies on these processes, on this strategy for enhancing step economy through multi-purpose designed reagents and on the use of the serial \[5+2\]/\[4+2\] cycloadditions to generate kinase inhibitor libraries are in progress.

Methods {#S2}
=======

General Alkyne Dienophile Method {#S3}
--------------------------------

To an oven-dried or flame-dried vial was added 1.1 equivalents of TMSBO **2** as a neat liquid followed by 1,2-dichloroethane (DCE)(0.162 M with respect to VCP). To this solution is added 1 equivalent of VCP **1** as a neat liquid, and then 2--5 mol% \[(naph)Rh(COD)\]SbF~6~ in one portion. The reaction was stirred for 6 hours or until consumption of **1** could be observed by TLC. The second alkyne is then added and the reaction monitored by TLC for consumption of the intermediate diene. The reaction is quenched with dilute acid and the resulting products purified via column chromatography. Results for these substrates are summarized in [Table 1](#T1){ref-type="table"}.

General Alkene Dienophile Method {#S4}
--------------------------------

To an oven-dried vial was added 2 mol% \[(naph)Rh(COD)\]SbF~6~, followed by 1,2-dichloroethane (0.165 or 0.330 M with respect to VCP as specified in [Table 1](#T1){ref-type="table"}). To this solution is added 1 equivalent of VCP **1** as a neat liquid, 1.1 equivalents of TMSBO **2** as a neat liquid, and then 1.3 equivalents of the corresponding alkene dienophile (an exception was made for 4-phenyl-1,2,4-triazoline-3,5-dione as noted above). The reaction was stirred for 6 hours or until consumption of **1** could be observed by TLC. Depending on the reactivity of the dienophile, the reaction was either quenched, allowed to continue stirring at room temperature, or heated to 100 °C as noted in [Table 1](#T1){ref-type="table"}. The reaction was then monitored by TLC for consumption of the intermediate diene. The reaction is quenched with dilute acid and the resulting products purified via column chromatography. Results for these substrates are summarized in [Table 1](#T1){ref-type="table"}.
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![Retrosynthetic analysis of staurosporine analogues based on butatriene-enabled cycloadditions. With the goal of step-economically generating a library of simplified staurosporine analogues with selective kinase inhibitory function (FOS: function-oriented synthesis), we envisaged a 1,2,3-butatriene (**V**) reacting first in a \[5+2\] cycloaddition to provide a 1,3-diene ready for a subsequent \[4+2\] cycloaddition.](nihms573169f1){#F1}

![General depiction of the \[5+2\] cycloaddition/vinylogous Peterson elimination/\[4+2\] cycloaddition cascade and mechanistic possibilities. The 1,2,3-butatriene equivalent, TMSBO, reacts under rhodium catalysis to give an intermediate cycloadduct. Under the reaction conditions, we observed the spontaneous deprotection of the enol ether and an unexpectedly facile vinylogous Peterson elimination, giving directly the 1,3-diene we had envisaged in our retrosynthetic analysis. The Peterson elimination presumably occurs by either a Lewis acid promoted elimination or a zwitterionic cycloreversion. In the presence of a suitable dienophile, a one-flask conversion to polycyclic products can be achieved.](nihms573169f2){#F2}

###### 

\[5+2\]/vinylogous Peterson/\[4+2\] adducts using VCP **1** and TMSBO **2**

  --
  --

Reactions were conducted at room temperature unless otherwise noted.

Unless otherwise noted, this time is the time required for only the \[4+2\] portion of the reaction cascade

2 mol% \[(naph)Rh(COD)\]SbF~6~

The \[4+2\] cycloaddition was effected at 70 °C

5 mol% \[(naph)Rh(COD)\]SbF~6~

This time reflects the total time for both the \[5+2\] and \[4+2\] processes

Reaction run at 0.330 M

The \[4+2\] cycloaddition was effected at 100 °C

Product is a 1.8:1 mixture of cis:trans esters starting from pure dimethyl maleate

###### 

Oxidative aromatization of reaction products

  --
  --

The initial cycloadduct oxidizes readily and was thus converted directly to compound **8**

###### 

Additionally functionalized \[5+2\]/vinylogous Peterson/\[4+2\] products

  --
  --

Reactions run at room temperature with 5 mol% \[(naph)Rh(COD)\]SbF~6~

1:1 mixture of diastereomers

4.2:1 mixture of regioisomers (major isomer shown)
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